2(07) and these volumes contain references to many of the hundreds of relevant publications.
Analytical techniques for obsidian
Unlike many other geologicall y-derived materials typically recovered from archaeological sites, obs idian sources lend to follow the requirements of the provenance postulate for major, minor, and trace elements, permitting the successful application of a variety of analytical techniques. Specific details of the analytical techniques are readily found in existing publications (i.e. Shackley 1998b) so the discussion here is limited to the differences between the techniques and their advantages and limitations as they relate to obsidian analysis.
Vi sual sourcing is occasionally put forth as a more cost-effective method for examining large assemblages in contexts where all geologic sources are well known (Weisler and Clague 1998) , however the reliability of visual sourcing is hi ghl y questionable (Bettinger et al. 1984; Braswell et al. 2(00) . On more than one occasion 1 have seen archaeologists working in the American Southwest get excited after finding an artifact with a green translucent color, a feature characteristic of the Pachuca source in Central Mexico. In one case it turned out to be from Pachuca, comprising one of the handful of Mexican obsidian artifacts recovered from north of the Mexican border (except for a small cluster in the southern tip of Texas [Hester et al. 1991: Ferguson and Skinner 2006] ). In the second , the artifact was from the Antelope Wells source in southwestern New M ex ico that is somewhat similar to the Pachuca source as it also very high in zirconium and has a green translucent color. While there may be a few cases of material so visually unique as to aUow some correct visual source assignments , there is an error rate most researchers are not comfortable accepting.
Neutron activation analysis (NAA) was one of the first techniques used for the chemical characterization of archaeological obsidian (Gordus et al. 1968; Glascock et al. 1994; . NAA allows for the precise determination of a wide range of clements that can vary depending on the nuclear properties of the elements , irradiation conditions, and timing of the gamma count(s), but it is an expensive technique and typically requires the destructive analysis of at least some portion of the artifacts (although, as described later, there are options for non-destructive NAA of small samples). NAA also requires considerable sample preparation time and cost in the fonn of irradiation and the use of high-purity sample containers.
Another common technique is inductively coupled plasma mass spectrometry
(ICP-MS), often incorporating a laser (LA-ICP-MS) to ablate, or vaporize, an extremely small ponion of the anifact for analysis in the ICP-MS. LA-ICP-MS can provide data on a wide range of elemental compositions, comparable to NAA, but can suffer from short and long term difficulties with analytical accuracy due to difficulties with consistent calibration (Speakman el al. 2007 ). LA-ICP-MS is often louted as a non-destructive analytical method, but almost every instrument in use today requires the removal of a portion of a sample in order to fit inside the laser ablation chamber.
Techniques with limited application to the compositional analysis of obsidian include proton induced X-ray emission (PIXE : Pollard el al. 2007; Bellot-Gurlct el al. 2008) and electron microprobe analysis (EPMA; Merrick and Brown 1984; Pollard el al. 2007 ). These techniques often involve the same basic method, ., XRF, but they vary in the means of removing the electron from the inner shell of the atom in order to create the emitted X-ray as a result of outer shell electron~ dropping down to fill the void. Many of the same issues discussed here for XRF apply to these techniques as well. Additional analytical techniques include, but are not limited to: natural radioactivity (Leach el al. 1978) . obsidian density (Reeves and Armitage 1973) , fission track analysis (Bigazzi el al. 1998) , and numerous chemical methods (Tykot 2004) .
XRF offers the potential for totally non-destructive analysis, ponable and handheld operation , minimal or no sample preparation. rapid results. widely available analytical instrumentation, low cost. and quantitative analysi, of some of the most important elements used for discriminating obsidian sources and providing provenance data. All of the other techniques described above requ ire large stationary equipment -ranging from the size of a chest freezer to a nuclear reactor -and require the sample to fil the space requirements of an instrument sample chamber rather than introducing a smal l instrument to the object of interest as is possible with handheld XRF. Most of the commercial obsidian provenance laboratories employ non-ponable energy-dispersive (ED-XRF) as their main
instruments , yet portable instruments can provide high quality data in the lab while also aJlowing in-field analysis including obsidian artifacts in countries or curation facilities that will not allow their removal of artifacts. While the decreasing co ... 1. increasing availability, and portability have all contributed to making XRF a more attractive analytical technique to a broader spectrum of researchers across man) disciplines. the fundamental physical principles behind the technique and the need to understand them have not changed. The following section describe' some of the most imponant issues in handheld XRF analysis of obsidian, with panicul ar attention to some of the issues encountered in the research at the Archaeom etr )
Laboratory at the University of Missouri Research Reactor (MURR).
XRF methodology
One of the firM considerations in XRF analysis is whether or not quantitative analysis is necessary, or even possible, with the sample set under investigation.
While qualitative comparative spectra] overlay can be used to assign individual obsidian artifacts to particular sources, it is not the most efficient means of processing large numbers of samples and can lead to difficulties in discriminating geologic sources with similar elemental ratios (i.e. the shape of the spectra are similar but the magnitudes differ). Without the ability to extract quantitative concentrations for certain clements. it is not possible to compare new analyses with previously published compositional data, limiting comparisons to those samples previously analyzed using the same equipment. Thus, quantitative analysis is necessary in obsidian studies. In contrast, qualitative analysis can be highly useful in. for example. attempting to determine if some large pit features were used to smelt iron or to fire limestone to produce lime. In this case qualitative spectra] overlay comparing areas inside the features to areas of the surrounding natural soil ;howed significantly higher calcium and strontium levels in deposits at the bottom orthe features compared to outside the features and no difference in the amount of iron. Additional tests may be warranted. but it seems likely thatlhe features were used as lime ki lns strict ly based on spectral comparisons (Ferguson 20 10) . on compatibi lity with NAA data in order to maximize the potential to find sources not anticipated in a panicular study, and thus not yet fully characterized by XRF. The most common deviations between M URR XRF data and that produced at other labs using only XRF are in the iron and zirconium concentration s. Unfortunately NAA is not as capable of producing rughly accurate zirconium concentration, due to the production of both "Zr and "Zr during "'u fission. It is possible to correct for the uranium interference, but the correction has a large uncertainty (Glascock el al. 1986 ).
The differences between the iron concentrations reported by the Berkeley XRF Laboratory and MURR are more complicated to explain, but Mike Glascock obsidians, iron rarely exceeds 6-7 percent. zirconium is rarely above 1,000 ppm, and niobium is rarely over 2oo ppm. It was clear from the spectral overlay that many of the Kenyan samples had abnormally high concentrations of these three elements , yet the concentrations calculated by the calibration produced lower concentrations as the peak areas increased. Bruce Kaiser (personal communication 2oo9) has termed this phenomenon the "wet noodle effect" in which peak areas for panicular elements that exceed the range of the standards used in the calibration It is critical to create a matrix-specific calibration. Finally. it is unlikely given the compositional variations of obsidians that si mply using a series of common standards will allow one to match source and artifact data collected at different laboratories and using different instruments. Proper calibration using appropriate standards can increase the probability of identifying possible sources for an unassigned artifact in published data using other laboratories or techniques. but assigning an artifact to a particular source unless the sample and source material are analyzed on the same instruments using the same settings and calibration is unwise. Some other analytical techniques. such as NAA. are much morc stable due. in part , to linear standardizations and allow for calibration using a small number of standards. These techniques are not susceptible to matrix effects, and thus specific procedures to allow for inter-laboratory exchange of data are warranted (Graham ef al. 1982; Glascock ef al. 1998 ). but XRF is based on are roughly in the middle of the spectrum of energies produced by most handheld XRF instruments operating at 40kV. The probability of nuorescing a particular atom is related to the cxcitarion energy of the atom relative to the energy of the incident X-ray. The probability of fluorescence is greatest when using incident X-rays with energies just above the exc it ation energy of the atom in the sample. For example. iron has a Ka , of 6.4 keY. and there is no chance of K-shell electron nuorescence from incoming X-rays with energies less than or equal to 6.4 keY, while X-rays lightly higher than 6.4 have the highest probability of fluorescence. The probability of fluorescence decreases exponentiall y with higher energy. Thus, the goal should be to produce an abundance of X-rays with energies just above the absorption edge of the elements of greatest interest. The elements Rb-Nb have Ka, energies from 13. 40 -16.62 keY. An ideal incoming array wou ld contain X-rays primarily above 17 keY and tapering off at much higher energies.
Bruce Kai ser (with Bruker Scientific) and R. Jeffrey Speakman (wi th the Museum Conservation Institute at the Smithsonian) have developed a filter that acts like a secondary target to absorb the incoming X-rays below about 18 keY in order to both reduce the background of scattering X-rays at the same energy as Rb-Nb and to remove thc X-rays of low energy that do not significantly contribute to the fluorescence of Rb-Nb. The filter consists of thin foils of copper ( 150 Iill')' aluminum (50 1lJ11) and titanium (300 11m). The copper absorbs the X-ray' below 18 keY, but the fluorescence of copper produces a large spike of X-ray' at approximately 8-9 keY. The titanium layer absorbs the 8 .05 keY X-rays. but produces another peak between 4 .5 and 5 keY as a result of titanium fluorescence. 
Normalization and small/thin sample analysis
Samples selected for XRF analysis should ideally be infinitely thick fortheelements of interest. Infinite thickness is defined as the thickness at which additional sample thickness does not result in additional fluorescent X-rays . lnfinite thickness is different for each element in direct correlation with the excitation energy and varies between matrices. although sample matrix differences are not addressed here because obsidians are relatively similar in their overall high-silica matrix.
For example, 99 percent of the iron fluorescent X-rays (6.4 keY) are from up to 0.1 mm from the surface of a pure silica matrix (obsidian is close to a pure silica matrix). The X-rays with the highest probability of exciting iron have relatively low energy and thus arc not capable of penetrating deep into a sample, and even if they did fluoresce an iron atom deep in the sample, it is unlikely for the low energy fluoresce nt X-ray to make it back through a thick sample and into the detector.
While iron peaks in a spectrum result primarily from nuorescence at the surface of the sample. under the same conditions, zirconium Ka X-rays (15.8 keY) escape from up to 2.2 mm deep, and barium Ka X -rays (32 .2 keY) from up to 17 mOl deep.
The differences in infinite thicknesses are critical 10 an understanding of the difficulties in analyzing thin samples (I will expand on the analysis of thin samples in the following seclion), but normalization can help account for some of the issues related to sample thickness variability. Normalization was initiall y developed as a means to neutralize the effects of small fluctuations in the output of the X-ray sources. The method involves selecting a region of the spectrum that does not have peaks derived from elements of interest in the sample and that directly renee l the amount and energy of X-rays hitting the sample. The Bruker Tracer lll-V PXRF in use at MURR uses a rhodium source and thus produces a characteristic peak of X-rays for Rh Ka at approximately 20.2 keY due to Raleigh scatter of the source X-rays on the sample. This interaction of Rh X-rays with the sample produces both elastic and inelastic scatter resulting in both the Raleigh (elastic scalter at -20.2 keY as mentioned above) and Compton (inelastic scalter at approx imately 18.5-19.5 keY) peaks being produced in the spectrum based on infinitely thick samples. In order to gel quantitative concentrations for a batch of sarnp l e~ it is necessary to normalize the peak areas in the rhodium Compton peak and app ly the same correct ion to the other peaks in the spectra. This minimizes the differences in the incoming X-ray profile.
While the Compton peak serves well for normalization in most obsidians. there are certain sources with elevated niobium concentrations that have a sufficientl y large niobium K~ peak to interfere with the rhodium Compton peak area . In these cases, the calibration interprets the additional peak area from niobium as increased X-ray output requiring comparable reduction in all peaks in the spectra. The real problems arise with the analysis of samples of less than infinite thickness.
For the purposes of this discussion, consider an example in which we are only concerned with obtaining concentration data for iron and niobium. The niobium Ka, peak is between 16.3 and 16.9 keY, and this is relatively close to the rhodium Compton peak used for normalization that is between 18.5 and 19.5 keY. The closer the two peaks are in energy, the closer they are to having the same infinite thickness va lue, thus the two peaks are absorbed at simi lar rates with increases in sample thickness. When the calibration normalizes to the rhodium Compton peak, and the same correction factor is applied to the niobium peak the quantitative results are reasonable. But , iron has an infinite thickness in obsidian measured in microns , and thus the size of the iron peak does not change as a function of sample thickness until the samples are extremely thin. This may not seem like a problem, but the normalization applies the same correction to all peak areas. whether it is needed or not. Therefore, in a sample thin enough to generale only half the rhodium Compton peak area. the niobium peak area (and thu s the calcu lated concentration) will be correctly increased by a factor of two, but the iron peak arca will be significantly over-corrected. The primary elements of interest in obsidian characterization, Rb-Nb, are all relatively close to the rhodium Compton peak. and the normalization does a good job of correcting for sample size although there is an increasing overcorrection moving down in energy. This overcorrection is extreme for low-energy elements like iron. When analyzing assemblages that include small 
A number of recenr-projects on obsidian from a number of si tes in central and
southern California has recently been conducted at MURR to demonmate that XRF is effective for small sample source assignment. Of the more than 1,000 artifacts analyzed by XRF, 40 of the smallest and most difficult to assign samples were selected for additional analysis by short-irradiation NAA . The advantages of the short NAA are that the samples become only slightl y radioactive and can be safely handled after on ly a brief decay period , the technique is a bulk technique that is not subjected to variations in sample morphology because the samplc rotated , and it can produce precise data for about six elements on samples of only a few milligrams. Of the forty samples, XRF source ass ignment was confirmed for 38 of them . One sample was not assigned to any source by XRF but was assigned by NAA, and one sample was incorrectly assigned by XRF to a source with similar composition . This error rate of five percent is higher than one would like, but it occurs on the smallest and most challenging samples. The error rate for the entire study, including the larger artifacts, would likely be much lower. Similar tests have been done with smaller assemblages from the American Southwcst with similarly encouraging resu lts.
The current approach to small sa mple analysis by XRF is not yet an ideal solution. Attempt s have been made to create an element-specific correction factor that uses the rhodium Compton peak as an indicator of sample mass. One possibil ity is to lise a two-element standard behind the artifact that provides a good approximation of the thickness of the sample in the beam. The standard would contain sufficient concentrations of two elements, one with a peak below the elements of interest and one above. In some preliminary tests using a pressed pellet containing gallium and indium in which the lower energy element (in this case gallium) would have a peak area redu ced in relation to the higher energy e lement (indium) in a ratio reOecting sample mass. This method has some promise. but it is time consuming to keep the standard in proper position and this wou ld also greatly increase the time required to interpret the final data. It is important to verify source assignments. particularly with small samples. using other analytical techniques such as NAA or LA-ICP-MS, but the ultimate solutio n to small artifact analysis may involve micro-XRF.
Conclusions
XRF has held a prominent position in the provenance study of archaeological obsidian for decades, and all indicati ons are that it wil l continue to be a major analyti cal technique. Handheld XRF instruments provide some logistical 
